We present a supersymmetric grand unification scheme based on the gauge group SU(3) c × SU(3) L × SU(3) R in which the proton and the lightest supersymmetric particle are stable, neutrinos are necessarily massive, and the observed baryon asymmetry originates in the lepton sector. Such models are also consistent with the measured value of sin 2 θ W as well as unification of the gauge couplings.
The minimal supersymmetric SU(5) model (1) predicts a value for sin 2 θ W which is remarkably consistent with the measured numbers (2) . Despite this success, however, it appears that the minimal scheme faces an uphill task.
For instance, the predicted asymptotic mass relations involving the first two One modest extension would be an enlargement of the Higgs sector as well as the introduction of singlet chiral superfields. Another possibility is to embed in an SO(10) framework. In this paper we follow a relatively less treaded path, in which the standard SU(3) c × SU(2) L × U(1) Y model is embedded in G ≡ SU(3) c × SU(3) L × SU(3) R . There are additional reasons besides those already listed for studying models based on G. The simplest compactification schemes (4) involving the heterotic E 8 × E 8 superstring theory give rise to G, although the present study will be largely motivated within the ordinary GUT framework. The imposition of a Z 2 symmetry ensures the (almost complete) absence of baryon number violation. Indeed, the main source of baryon number violation is the non-perturbative sector of the standard electroweak model! Other 'advantages' include the absence of wrong fermion mass relations, 'naturally' massive neutrinos, and an elegant mechanism for generating the observed baryon asymmetry. We will present here two different realizations of the G ≡ SU(3) c × SU(3) L × SU(3) R model. In the first one the symmetry breaking of G to the minimal supersymmetric standard model (MSSM) proceeds in two steps, whereas in the second scenario there is no intermediate step breaking.
The left handed lepton, quark and antiquark superfields transform under G as follows:
couplings of the form
The superlarge vacuum expectation values are acquired by the following fields:
We also introduce in the superpotential explicit mass terms of order M X for Q,Q and Q c ,Q c pairs. In the first realization of the theory, we assume
This means that the breaking to MSSM proceeds in two steps:
We will shortly provide estimates for the scales M X and M B−L .
In addition to the Z 2 symmetry P 1 , we impose an additional Z 2 symmetry P 2 , under which λ 5 → −λ 5 ,λ 2 → −λ 2 , while all other fields remain invariant.
This symmetry, combined with the Z 2 subgroup generated by the element
all the vacuum expectation values and acts as 'matter parity'. The purpose of introducing this symmetry is to eliminate some lepton number violating couplings at the level of the MSSM. This is necessary for the implemention of our mechanism of generating the baryon asymmetry of the Universe. The physical consequences of matter parity will become clear in the following.
We next study the spectrum of the theory for the case M B−L ≪ M X .
The mass matrices will be classified according to the quantum numbers of the states under the gauge group SU(3) c ×SU(2) L ×U(1) Y and the Z 2 matter parity. We will also confine ourselves to the discussion of the fermionic mass 
1 , are typi-
19 GeV is the Planck mass), whereas mixings among the H
m 's and among the H 1 . To obtain a unique light pair of electroweak Higgs doublets, h (2) , h (1) , we must fine tune one eigenvalue among the four M ′ s so that it becomes ∼ M S . Thus we reach the important conclusion that, neglecting mass contributions which vanish in the M B−L = 0 limit, the pair of electroweak doublets, h (2) , h (1) , predominantly lies in one linear combination λ 0 of λ ′ s. Removing the superheavy states with masses of order M X , we are left with a 2 × 2 mass matrix which couples h (2) and L 5
B−L /M P respectively. In order to keep the pair of electroweak doublets, h (2) , h (1) , essentially unaffected by these contributions, we must then fine tune the off-diagonal mass terms so that both of them are much smaller than ∼ M Between the energy scales M W and M X , the mass spectrum is not symmetric in the three SU(3)'s (see above). However, above M X the symmetry is restored and the three gauge couplings are equal (here we assume that G emerges at M P with a unique gauge coupling constant). Using the standard one loop renormalization group evolution of the gauge couplings, and assuming that the supersymmetry breaking scale M S ≃ 10 3 GeV , one can obtain the following (consistent) solution:
where α G denotes the unified gauge coupling above M X .
The fact that the pair of electroweak doublets h (2) , h 
To account for the correct masses and mixings of the two lighter quark families, we must invoke some other mechanism (radiative corrections, ...) which we will not specify here. In the leptonic sector, we have seen that the three 'light' ν c i 's and the light e c i 's belong to the same λ i 's (i = 1, 2, 3). Thus, the tree-level Dirac mass matrix of the neutrinos is proportional to the tree-level charged lepton mass matrix (since both these mass matrices come from the same couplings λ i λ j λ 0 ). Assuming again that only the third family acquires tree-level masses we obtain the asymptotic relation
where the superscript D denotes a Dirac neutrino mass.
So far we have seen that the model is consistent with the low energy phenomenology. The proton is stable and sin 2 θ W is in the right ball park.
Next we address the issue of baryon asymmetry. Since the conventional baryon number violating couplings are missing, we must resort to the lepton sector which contains the lepton number violating Majorana mass terms.
The idea then is to generate an initial lepton asymmetry n L /s through the decays of ν c i (i = 1, 2, 3) (6, 7) . The non-perturbative sphaleronlike effects in the electroweak sector (8) would then convert a fraction of the asymmetry n L /s into the observed baryon asymmetry n b /s, provided the 'reheat' temperature T r after the completion of inflation is greater than or equal to about 100 GeV.
In order to ensure the survival of n L /s, we must ensure that all lepton number violating 2-2 scatterings are out of equilibrium at temperatures between T r and 100 GeV. This is elegantly achieved with the help of the Z 2 matter parity.
Within an inflationary framework driven by a gauge singlet field φ (note that inflation is needed here to eliminate the monopole problem), we assume copious production of ν 
where < φ >∼ 10 17 − 10 18 GeV as estimated from the requirement that δρ/ρ ∼ 10 −5 . The corresponding 'reheat' temperature is given by 8 GeV,m φ ≃ 10 9.5 GeV and < φ >≃ 10 17·5 GeV. This implies T r ≃ 2.6 T eV , which is higher than the minimum allowed 'reheat' temperature.
A simple double-cut diagram which leads to a lepton asymmetry through ν c i decays (in our case i = 3) is shown in Fig.1 (see also ref. 6) . A straightforward estimate leads to
where m D is the Dirac mass matrix of the neutrinos and the internal three-
To help maximize the lepton asymmetry we set 
Proportionality of m D and the charged lepton mass matrix at tree-level im-
Taking tan β ≃ 44 and < h (1) >≃ 170 GeV , for example, one finds that
With this choice of the parameters, the mass of the tau neutrino turns out to be
The requirement of a sizeable baryon asymmetry has led us to a τ -neutrino mass in the MeV range. The lifetime and branching ratio into radiative modes of such a neutrino is strongly constrained by astrophysical considerations (9) . A neutrino with mass ∼ 30MeV could be astrophysically acceptable if it decays with a lifetime τ ντ ≤ 20sec into e + e − ν or νν ′ν′′ , with ν, ν ′ , ν ′′ any of the two lighter neutrinos. This can easily be achieved provided M S is somewhat lower than 1T eV . The relevant diagrams are simple one loop box diagrams involving supersymmetric partners of charged leptons or of neutrinos and two winos.
As another possibility, one can consider the mode ν τ → ν e a, where a is an axion field. The decay rate is then Γ ∼ 1 16π
2 m ντ , where f a is the axion decay constant. For f a ≃ 3 · 10 9 GeV, we obtain τ ντ ≃ 20 sec which is acceptable. Note that an axion may eventually be needed to solve the strong CP problem.
One important consequence of the intermediate scale M B−L is that the ν c i masses can be of order 10 8 GeV , which facilitates leptogenesis to proceed in an inflationary scenario (7) . It also opens up the exciting possibility that one of the 'light' neutrinos has mass in the 3-10 eV range, a feature hinted (10) at by the recent COBE data. However, this would mean that the MSW (11) solution of the solar neutrino problem cannot be implemented.
The inflationary scenario predicts that the density parameter Ω is unity, and it has been suggested that Ω ν ≈ 0.2 − 0.3. That is, the bulk of the missing mass is in 'cold' dark matter. One of the major consequences of the Z 2 matter parity in our model is the stability of the lightest supersymmetric particle (LSP). The latter can be either the neutralino or possibly the sneutrino. In the first case it has positive matter parity but it has to decay (by fermion number conservation) to an odd number of negative matter parity light fermions. In the second case it has negative matter parity but has to decay to an even number of negative matter parity light fermions. In both cases the decay process is forbidden by the unbroken Z 2 matter parity.
Therefore the LSP is a 'cold' dark matter candidate in our model.
In the second realization of the
Assuming that the Q,Q and Q c ,Q c mass terms are 
In this case, however, the pair of Higgs doublets h (2) , h (1) does not necessarily belong to the same linear combination of λ a 's. Also, the light e 
11 GeV , and we assume that they are all comparable.
The 'reheat' temperature is again calculated from formulae (7) and (8), and turns out to be much higher than 1T eV . However, taking into account the fact that M ν c / < φ > is an upper bound on the effective φν 
where the expression for n Li /s is given in eq. (9) . All of the ν 
The allowed values for (m D ) 33 satisfy the following inequality leading to a τ -neutrino mass of about 10eV which can provide the 'hot' dark matter of the universe. The LSP is again a 'cold' dark matter candidate.
To conclude, we have outlined a possible alternative to minimal supersymmetric SU(5) unification. It offers the feature that the proton is stable, and it accomplishes this in a relatively elegant manner, avoiding in the process also some unacceptable mass relations. Other advantages include the ease with which the baryon asymmetry is generated (necessarily via leptogenesis) and the presence of some hot dark matter in the form of massive neutrinos. Also, since the Higgs doublets and the color triplet fields belong to different representations, the doublet -triplet splitting can, in principle, be accomplished more easily than in SU(5).
We considered two alternative realizations of the model. 
